We present the Star cluster Hunting Pipeline (SHiP) which can identify star clusters in Gaia DR2 data, and establish a star cluster catalog for the Galactic disk. A Friend of Friend based cluster finder method is used to identify star clusters using 5-dimensional stellar parameters, l, b, ̟, µ α cos δ, and µ δ . Our new catalog contains 2443 star cluster candidates identified from disk stars located within |b| = 25 • and with G < 18 mag. An automatic isochrone fitting scheme is applied to all cluster candidates. With a combination of parameters obtained from isochrone fitting, we classify cluster candidates into three classes (Class 1, 2 and 3). Class 1 clusters are the most probable star cluster candidates with the most stringent criteria. Most of these clusters are nearby (within 4 kpc). Our catalog is crossmatched with three Galactic star cluster catalogs, Kharchenko et al. (2013) , Cantat-Gaudin et al. (2018 , 2019 ), and Bica et al. (2019 . The proper motion and parallax of matched star clusters are in good agreement with these earlier catalogs. We discover 76 new star cluster candidates that are not listed in these 3 catalogs. The majority of these are clusters older than log(age/yr) = 8.0, and are located in the inner disk with |b| < 5 • . The recent discovery of new star clusters suggests that current Galactic star cluster catalogs are still incomplete. Among the Class 1 cluster candidates, we find 56 candidates for star cluster groups. The pipeline, the catalog and the member list containing all candidates star clusters and star cluster groups have been made publicly available.
INTRODUCTION
Star clusters in the Galactic disk are important tracers of disk structure and dynamics. Open clusters (OCs) are distributed in the disk and are (mostly) young (≤ 300 Myr) and low-mass (< 10 3 M ⊙ ; Dias et al. 2002; Piskunov et al. 2008) . Perturbed by disk shocks, spiral arm passages, and encounters with molecular clouds (Spitzer 1958; Kruijssen 2012) , OCs expand and disrupt at a timescale of 200 Myr -1 Gyr (Yang et al. 2013; Pang et al. 2018) . Therefore, only a small fraction of the observed OCs is older than 1 Gyr (Kharchenko et al. 2013) .
In order to study the formation and evolution of open clusters, much effort has been made to compile OC catalogs, such as DAML02 (Dias et al. 2002) , MWSC (Milky Way Star clusters; Kharchenko et al. 2013, K13 hereafter) and Bica et al. (2019, B19 hereafter) . Based on the PPMXL proper motion catalog (Röser et al. 2010) and 2MASS photometry, MWSC developed an automated pipeline and identified 3006 star cluster objects. B19 made use of infrared photometry, and discovered several hundreds of new OC candidates in addition to those found by Kharchenko et al. (2013) . The second data release (DR2) of Gaia (Gaia Collaboration et al. 2018) revolutionizes OC studies by providing precise proper motions of individual stars, which are very suitable for identifying star clusters in the multi-dimensional parameter space. Since its release in May 2018, several groups have published star cluster catalogs based on this archive. Cantat-Gaudin et al. (2018) developed an unsupervised membership assignment code UPMASK to search for star clusters in Gaia DR2. They managed to obtain parameters and members for 1229 star clusters (60 of these were new). Recently, Castro-Ginard et al. (2019) implemented a density based clustering algorithm, DBSCAN, and applied a supervised learning method (Castro-Ginard et al. 2018) to Gaia DR2 data. 53 new OCs were detected in a region along the direction of Galactic anti-centre and the Perseus arm. Their newly discovered OCs increase the number of known OCs in the direction of Galactic anti-center by 22% as compared to known OC populations (Kharchenko et al. 2013; Cantat-Gaudin et al. 2018 , 2019 . Later on, Cantat-Gaudin et al. (2019) applied a "coarse-to-fine" search method and again discovered 41 new star clusters in the direction of Perseus. Therefore, all these newly discovered star clusters point out a fact that many more efforts are required to obtain a complete census of Galactic OCs. In this study, we identify star clusters in Gaia DR2 using our Star cluster Hunting Pipeline (SHiP). Star cluster candidates are first identified with a Friend of Friend (FoF) method. This is directly inspired by the galaxy group finder algorithm first proposed by Yang et al. (2005) . There is a long tradition of using the FoF method in cosmological studies (Davis et al. 1985) . It has been successfully used for the identification of dark matter halos in cosmological simulations (Springel et al. 2001 ) and galaxy groups in sky survey data (Yang et al. 2007) . In this method, two particles are assigned to one group if their distance is smaller than b FoF (the linking length factor) times the mean separation of particles in the volume. Furthermore, the FoF method is applicable to multi-dimensional parameter spaces and does not require any prior information. At the same time, it is suitable for identifying star clusters using stellar positions, parallaxes and proper motions. Besides the FoF cluster finder, SHiP employs a full set of methods to further validate star clusters, including an automatic isochrone fitting method and a star cluster classification scheme based on a set of parameters derived during the fitting process. The efficiency of SHiP is greatly aided by parallel computation. At the same time, SHiP is capable of identifying star clusters from a huge amount of Gaia DR2 data without requiring any star cluster catalog as input.
This paper is organized as follows. The sample selection from Gaia DR2 is presented in Sec. 2. We introduce SHiP in Sec. 3, including the FoF-based star cluster finder (Sec. 3.1), the isochrone fitting method (Sec. 3.2) and the classification scheme (Sec. 3.3). In Sec. 4, we describe the general properties of the star cluster candidates (Class 1, 2, and 3), the newly discovered star clusters, and candidates of star cluster groups . Finally, a summary is presented in Sec. 5.
SAMPLE SELECTION OF Gaia DR2
The Gaia DR2 contains over one billion sources, most of which have high-precision astrometric data including parallaxes (̟), proper motions (µ α cos δ and µ δ ), and photometry in three broad bands, the G (330 -1050 nm), G BP (330 -680 nm) and G RP (630 -1050 nm) bands. The median uncertainties of ̟ and proper motions (without considering the systematic errors) generally increase toward faint stars. The uncertainty in ̟ is ∼ 0.04 mas for sources with G < 14 mag, 0.1 mas for G ≈ 17 mag, and ∼0.7 mas for G ≈ 20 mag, corresponding to 0.05, 0.2 and 1.2 mas/yr of uncertainty in proper motions, respectively (Lindegren et al. 2018) .
The majority of OCs are located near the Galactic plane with b < 20 • (Dias et al. 2002; Kharchenko et al. 2013; Castro-Ginard et al. 2018) . Therefore, we select stars up to |b| = 25 • from Gaia DR2 to identify disk star clusters. At the same time, in order to exclude observational artifacts due to faintness, we apply the following photometric and quality cuts:
• µ α cos δ < 30 mas/yr, µ δ < 30 mas/yr, • 0.2 mas < ̟ < 7.0 mas.
We apply the cut at G < 18 mag, which is the same as the criterion used in Cantat-Gaudin et al. (2018) . Since the parallax error at G = 18 mag is ∼0.2 mas, we select stars with a parallax larger than 0.2 mas, which constrains our sample to a maximum distance of 5 kpc. Besides that, there are not many stars beyond 7 mas (bottom panel in Fig. 1 ). In total, 180,490,541 stars are retrieved for the star cluster identification. We call this set of stars the primary sample. Coordinates of stars in the primary sample are transformed from epoch 2015.5 (Gaia DR2) to epoch 2000, with their corresponding proper motions. Galactic longitude (l) and latitude (b) are calculated in the reference of epoch 2000 for a convenient cross-match with earlier catalogs (see Section 4).
In this study, we use 8 stellar parameters of stars from Gaia DR2 in the primary sample: l, b, ̟, µ α cos δ, and µ δ , and magnitudes in G, G BP and G RP bands for the following procedures. Histograms of l, b, ̟ of the primary sample are shown in Fig. 1 . Stars tend to concentrate towards the Galactic center (upper panel). The peak of stars in the southern Galactic hemisphere is due to the Sun's northern position off the disk (middle panel of Fig. 1 , Bonatto et al. 2006; Reid et al. 2014; Gravity Collaboration et al. 2019) . Parallaxes of stars in the primary sample are mostly below 2 mas (bottom panel of Fig. 1 ).
3. STAR CLUSTER HUNTING PIPELINE 3.1. FoF star cluster finder 3.1.1. Domain partition SHiP adopts an FoF cluster finder to identify star clusters in the Galactic field. To facilitate this procedure, we divide the entire search volume into multiple domains. This operation enables us to carry out the cluster identification process in parallel, which greatly enhances the computational efficiency.
Stars are assigned to different domains according to their 3-D spatial coordinates (l, b, ̟). The specific partition strategy takes three considerations into account:
• The size of the domain should not be too large, otherwise the FoF method cannot be used due to the large surface density change of background stars in a domain from one side to the other side (see the upper and middle panels in Fig. 1 ). The number of stars also increases as the size becomes large, thus reducing the efficiency in the calculations.
• The size of the domain should not be too small, otherwise there will be not enough stars to carry out the identification. The size of domain should be larger than the typical size of a star cluster, so as to accommodate at least one star cluster in the domain. Besides that, we require the minimum size of the domain larger than σ ̟ in parallax dimension. We set the minimum size of the domain in each dimension as r sc . Here r sc = 10 pc is the typical scale of a star cluster (Portegies Zwart et al. 2010) ; σ ̟ = 0.2 mas is the uncertainty of parallax for G = 18 mag.
• There should be sufficiently large overlapping regions between two adjacent domains along each dimension, so as to guarantee that the star cluster can be identified adequately even when it is located at the border of the domain.
According to the above three criteria, we adopt the following partitioning scheme:
• The volume is split along each dimension (l, b, ̟) in the following sequence: firstly the parallax ̟, secondly the Galactic latitude b in the corresponding parallax range, and finally the Galactic longitude l in the corresponding ranges of the parallax and the Galactic latitude.
• A domain will be split recursively into equal parts, when it fulfills the following two criteria:
-The size is larger than 2r sc in dimensions of the Galactic latitude and longitude, and is larger than 2σ ̟ in the parallax dimension.
-The number of stars n in the domain is larger than both n 0 /2 k split and n total /2 k split,̟ +k split,b +k split,l .
Here n 0 is the number of stars before the split in this dimension, n total is the total number of stars in the primary sample, and k split is the tentative split order, which corresponds to k split,̟ , k split,b , and k split,l in the corresponding dimensions. In the current implementation, they are set to be k split,̟ =3, k split,b =3, and k split,l =6, respectively.
This partitioning process is somewhat similar to the tree method often used in cosmological simulations (Springel 2005) . After carrying out the above scheme, the whole search volume is divided into 4311 domains.
• We select stars in each corresponding domain based on the 3-D spatial coordinates (l, b, ̟) of the stars. The size of overlapping regions is σ ̟ in the parallax dimension and r sc in the l and b dimensions (r sc is converted to the corresponding angle at the given distance).
Cluster identification with FoF
We use the FoF method to identify star clusters in the 5-D parameter space X = {l, b, ̟, µ α cos δ, µ δ }. A cluster is identified when the distance of one star to its nearest neighbor is smaller than the linking length factor b FoF times the average distance in the domain. We normalize each of the parameters in the 5-D parameter space to the range (0, 1) so that it is scale-free. The weight of parameters
is applied to the normalized parameters. The first term, cos b, is due to the contraction of l at a given b in spherical geometry. Since the uncertainty in the parallax is larger than that of the other parameters, we set the weight of parallax to 0.5 to reduce its influence in the cluster identification. For distance calculations we use the L 2 norm (Euclidean norm). The normalization factor in the denominator guarantees that
The linking length is set to r = b FoF /N 1/5 star . b FoF is set to 0.2, which is commonly adopted in the dark matter halo identification of cosmological simulations (Springel et al. 2001) . N star is the number of stars in each domain. The choice of weight and linking length together with the partitioning scheme (Sec. 3.1.1) is somewhat arbitrary, which inevitably introduces some noise and uncertainty. Therefore, the nature of these star cluster candidates identified in this way should be further confirmed by isochrone fitting and cluster classification (Sec. 3.2 and Sec. 3.3). We keep star clusters with more than 50 member stars for further merging and validation. 4885 star clusters candidates are detected within the 4311 domains in the primary sample. Some star cluster candidates appear in more than one domain. If more than 50 percent of the members in such star clusters are identical, we merge these two clusters. This merging process reduces the number of star cluster candidates to 2443.
Isochrone fitting Scheme
We further confirm star cluster candidates (Sec.3.1.2) by fitting their color-magnitude diagrams (CMDs) with a set of isochrones of different ages and metallicities. The reliability of star cluster candidate detections will be assessed according to the derived parameters during isochrone fitting.
The Padova Isochrones
The isochrones adopted in this work are obtained from the Padova database (Marigo et al. 2017 ) of stellar evolutionary tracks 1 . The Gaia DR2 passband photometric system is taken from Evans et al. (2018) . We adopt a log-normal initial mass function (Chabrier 2001) . A series of isochrones are generated from log(t/yr) = 6.6 to 10.13 at steps of ∆(log t) = 0.05 for metallicities ranging from log(Z/Z ⊙ ) = −2.0 to 0.5 with steps of 0.25.
Parameters from isochrone fitting
The key to reliable isochrone fitting is the fitting function, which determines fitting accuracy. At the same time, optimization is carried out to minimize the difference between the data and the fitting function by searching the parameter space, which includes age, metallicity, distance modulus and extinction. The form of the fitting function together with the optimization method determines the fitting speed. Several studies produced isochrone fitting pipelines based on the above idea. Perren et al. (2015) used the Bayesian approach and genetic algorithm to maximize the likelihood of the fitted parameters. Another optimization function is the residual hyper-surface (the discrepancy between the observed and simulated Hess diagrams) used by Bonatto (2019) , which minimizes the function with simulated annealing.
Automated isochrone fitting of 2443 star cluster candidates requires an efficient fitting scheme, which at the same time provides good accuracy. To fulfill these requirements, we propose the following fitting function:
Here
is the position of the k-th star in the CMD with absolute magnitudes. x k,nn is the k-th star's corresponding nearest neighboring point in the isochrone table. Four parameters are obtained from isochrone fitting:
, metallicity Z and age t. We minimized 2 , the mean square distance between cluster stars and their closest neighboring points in the isochrone. This approach is easy to implement and sensitive to the discrepancy between isochrones and the actual data. The nearest neighbor in the isochrone can be easily found with the k-D Tree method, which faciliates speeding up the fitting process of the 770 isochrones (each isochrone contains over 1500 points) for each star cluster candidate. Besides, the optimization ofd 2 is easily carried out by the Nelder-Mead algorithm (Nelder & Mead 1965 ) provided by the "scipy" package. The main sequence (MS) is significantly broadened at the faint end, due to the uncertainty in brightness of faint stars at G > 17 mag (δG ∼0.072 mag), which is three times larger than those with G < 17 mag (δG ∼0.023 mag). Approximately 30% of the members among our identified clusters are fainter than G = 17 mag, which greatly affects the quality of the isochrone fitting. Therefore, we restrict the isochrone fitting to stars brighter than G = 17 mag. This treatment reduces the number of stars in the fitting by approximately 50 percent, but substantially improves the quality of the fits.
Star cluster classification
In order to evaluate the reliability of star cluster candidates detections using the FoF cluster finder, we carry out a classification based on parameters obtained from isochrone fitting. Because of observational uncertainties, there is no unique parameter that can represent the reliability of a star cluster detection accurately. Instead, a combination of several parameters can be used to min-imize the influence of the uncertainties. Therefore, we classify candidates based on the following parameters.
•d 2 : the average square of the distance between cluster stars and an isochrone. It can be used to estimate the fitting quality. A small value ofd 2 represents a good isochrone fitting.
• r n : the narrowness of the MS in the CMD. This parameter is used to distinguish real star clusters from false detections. For example, a real cluster tends to show a narrow MS, while an artifact might be very broad. The narrowness of the MS is defined as
Here v 1 and v 2 are the two eigenvalues of the covariance matrix M of the distribution of stars in the CMD, with |v 1 | < |v 2 |. The covariance matrix M is defined as:
According to the definition of r n , a smaller value corresponds to a narrower MS. There is a certain degree of degeneration between r n andd 2 . A star cluster with a good isochrone fitting usually has small values of both d 2 and r n .
• n G<17 : the number of bright stars with G < 17 mag included in the isochrone fitting. Since photometric uncertainty broadens the MS at the faint end, n G<17 eliminates contamination and guarantees the quality of the selected star cluster candidates. Inevitably, this parameter will make our results biased towards relatively nearby clusters that contain a sufficient number of bright stars for isochrone fitting.
• t age : the age of star clusters derived from isochrone fitting. The starting age of the Padova isochrones is t = 4 Myr (10 6.6 yr). We plot the age distribution of star cluster candidates in Fig. 2 . The interpretation of the ages of the peak below 5 Myr (Fig. 2) are highly uncertain since it approaches the lowest limit of the isochrone ages. To ensure a reliable cluster classification, we consider only star cluster candidates with ages older than 5 Myr, which yield better fitting results.
According to the above four criteria, we divide the 2443 star cluster candidates into 3 classes:
• Class 1: n G<17 ≥ 50, t age > 5 Myr, r n < 0.1, d 2 < 0.05;
• Class 2: n G<17 ≥ 50, t age > 5 Myr, r n < 0.1;
• Class 3: all other cases.
The numbers of star cluster candidates in each group are: Class 1: 569 (23.3%); Class 2: 127 (5.2%); and Class 3: 1747 (71.5%). n G<17 ≥ 50 restricts Class 1 Number and 2 to nearby star clusters, mainly within 4 kpc. The classification of star cluster candidates is influenced by the performance of our pipeline in the identification process, and should not be directly linked to the physical existence of those star cluster candidates. According to our analysis, members of Class 1 are likely star clusters candidates. Class 2 and 3 are candidates that need further confirmation. However, genuine star clusters may exist among the members of Class 2 and Class 3 (see Sec. 4.2) . General parameters for all 2443 candidates are presented in Tab. 1. Table 1 . Parameters of the 2443 star cluster candidates identified by SHiP in this work. The position, parallax and proper motion of each star cluster are calculated as the average value of all cluster members with one sigma dispersion indicated. The radius rmax is defined as the maximum distance of cluster members to the average position. For convenience, the corresponding IDs in K13, CG18+19 and B19 are also listed (−1 means unmatched). All IDs start with 0 and correspond to the line number in the catalog (not the MWSC number as in K13). For CG18+19, IDs in the ranges 0 − 1228 and 1229 − 1274 correspond to star clusters in Cantat-Gaudin et al. (2018) and Cantat-Gaudin et al. (2019) , respectively. For convenience, the names of the matched star clusters in CG18+19 are also presented. Uncertainties of age and metallicity are estimated as half a step in the isochrone table (see Sec. 3.2.1 for more details). These are 6% (10 1 2 ∆(log t/yr) ) for ages and 0.125 for metallicities. A machine readable table is available online, see data/cat all.txt in the github repository for a full version. 
General properties
Among all 2443 star cluster candidates, those in Class 1 are likely genuine star clusters which are mostly located within 4 kpc . For these cluster candidates, a clear over-density is seen in the spatial and proper motion distributions of cluster members (upper panels in Fig. 3) . Member stars form a narrow MS in the CMD (bottom-right panel in Fig. 3 ). On the contrary, star cluster candidates in Class 2 are more diffuse in distri- butions of position, proper motion and CMD (Fig. 4) 2 . Note that the appearance of a few outliers may have biased the fitting results. There is no standard criteria to automatically exclude stars from star cluster candidates. This can be done manually for individual clusters. For example, after removing the few faint red stars in Fig. 4 (G BP −G RP > 2 mag, and G > 14 mag), the fitted age changes from 776 Myr to 380 Myr, and the metallic-ity changes from log(Z/Z⊙) = 0 to log(Z/Z⊙)=−0.75. Therefore, a followup study of the Class 2 and Class 3 star cluster candidates may require visual inspection of their CMDs.
Although cluster members of Class 3 candidates are widely scattered in the CMD, without a clear MS (Fig. 5) , there is still a clear and notable concentration of stars in the (l, b) and proper motions (upper panels in Fig. 5 ). The candidate shown in Fig. 5 is a cluster cross-matched with the CG18+19 catalog, which implies that there are genuine star clusters in Class 3 that deserve further investigation.
Cross-match with previous catalogs
We cross-match our identified star cluster candidates with three previously published catalogs: K13, CG18+19 and B19, so as to verify the reliability of our catalog. K13 is compiled by Kharchenko et al. (2013) , and contains 3006 objects with 2MASS photometry; CG18+19 is a Gaia DR2 based catalog, which combines 1229 objects in Cantat-Gaudin et al. (2018) and 46 objects in Cantat-Gaudin et al. (2019) . B19 is a multi-band catalog with 10978 entries composed of Galactic star clusters, stellar associations and candidates in Bica et al. (2019) . To keep the same volume, star clusters with |b| > 25 • are excluded, which yields 2941 (K13), 1270 (CG18+19) and 10464 (B19) star clusters in the three catalogs for the following cross-matches, respectively.
A star cluster candidate in our catalog is crossmatched after comparison of their radii in the other catalogs. For our candidates, the radius r FoF is defined as the maximum cluster-centric distance of members. We adopt the average position of members as the cluster center. For K13 we use r2, which is defined as the projected distance from the cluster centre where the surface density of cluster members is equal to the average surface density of the surrounding field (Kharchenko et al. 2012) . For CG18+19, r50, the radius which contains half the number of members, is adopted. For B19, we use the major axis of the cluster. To obtain appropriate matching criteria, we test a variety of methods using our catalog and CG18+19, such as, d < (r FoF + r REF ), d < max(r FoF , r REF ), etc. Here d is the angular distance between the centers of the two clusters. r REF is the radius of the star cluster provided in the reference catalog. We further exclude artificial cross-matches that may occur when two clusters are located along nearly the same line of sight, by comparing their radii and angular separations, and the parallaxes . After our investigation, a star cluster candidate in our catalog is regarded as cross-matched with the cluster in the other catalogs when the angular distance between their centers is smaller than any of their radii, d < min(r FoF , r REF ). This cross-matching criterion yields the lowest artificial visual overlapping fraction and provides a reasonable matching number. 430 star clusters candidates of Class 1 are cross-matched with CG18+19, 3 clusters among these exhibit visual overlap 3 ; for other criteria: d < (r FoF + r REF ) and d < max(r FoF , r REF ), artificial visual overlaps increase to 16 (456 cross-matched) and 13 (451 cross-matched ), respectively. In Tab. 1, we present the corresponding ID for each matched cluster.
The cross-matched results are summarized in Tab. 2. Overall, 902, 714 and 876 star cluster candidates are matched with K13, CG18+19 and B19, respectively.
There is no difference in the metallicity and age distribution between the cross-matched and unmatched star cluster candidates. Generally, unmatched cluster candidates are much further away from the Sun than the cross-matched. Since CG18+19 is completely based on Gaia DR2 data, the corresponding parameters are more consistent with our catalog. Among the 1270 star clusters (|b| < 25 • ) in CG18+19, over half are identified by SHiP. We use CG18+19 to validate parameters of crossmatched star clusters derived from our pipeline.
The mean values of position, proper motion and parallax from CG18+19 are plotted as red crosses and lines in Fig. 3, 4 and 5, which are consistent with the average value from our pipeline. Fig. 6 shows the discrepancy of proper motions and parallax of matched clusters compared to CG18+19 (blue dashed histograms). The peak around 0.1 mas/yr of the proper motions is smaller than the typical spread in the proper motions of the cluster stars (∼1.0 mas/yr). Similarly, the differences of the parallax are well within 0.1 mas, which is smaller than the uncertainty of the parallax at G ∼ 18 mag (0.2 mas). Very few star clusters have discrepancies in proper motion and parallax that are larger than 1 mas/yr and 10 mas, respectively. Generally, the discrepancy distribution of the best fitted Class 1 candidates (red histograms in Fig. 6) shows no difference for all matched samples (blue dashed histograms).
Given the same cluster, its number of members brighter than G = 17 mag (parameter n G<17 ) is larger when it is nearer. Therefore, among the 714 matched star cluster candidates with CG18+19, Class 1 candidates are primarily star clusters within 4 kpc (larger Figure 6 . The discrepancy distributions of proper motions and parallaxes for the matched star clusters, for our identifications and those of CG18+19. Blue dashed histograms and red solid histograms correspond to all matched clusters and those classified as Class 1, respectively. Fig. 7) , and on average slightly closer than clusters in Class 2 and Class 3 ( Fig. 8) .
At the same time, the age distributions among the three classes (bottom panel in Fig.7) are distinct. Class 1 clusters show two populations. The young population has a broad peak around log(age/yr)∼7.8 and the old population at log(age/yr)∼8.8. Class 2 only has a dominant old population at log(age)/yr∼8.8. Similar to Class 1 and 2, there is also an old population at log(age/yr)∼8.8 in Class 3. Additionally, Class 3 contains a very young population at log(age/yr)< 6.8, which does not exist in other two classes. This is due to our age cut at 5 Myr for Class 1 and 2. On the other hand, studies of solar neighborhood star clusters did find an excess of young star clusters with ages ≤ 9 Myr (Bonatto & Bica 2011) . Therefore, the young cluster candidates in Class 3 deserve further investigation. Old star clusters with log(age/yr)∼8.8 have a prominent MS turn-off in the CMD, enabling reliable isochrone fitting. At the age of log(age/yr)∼7.8 (Class 1), the radiation of young massive stars has already dispersed the parent molecular clouds. Therefore, such clusters are free from differential reddening and have a relatively narrow MS that enables reliable isochrone fitting with our pipeline. In the discussion below, we will focus on the most probable cluster candidates in Class 1.
New star cluster candidates in Class 1
A total of 76 star cluster candidates classified as Class 1 are not present in any of the three earlier catalogs, which accounts for 13.6% of the total number of clus- Figure 9 . The distribution of star cluster candidates classified as Class 1 in Galactic coordinates. Blue crosses and red dots correspond to the cross-matched and newly identified star cluster candidates, respectively.
atched New ters in Class 1 (see Tab. 3 for a full list). These previously uncataloged candidates are very likely genuine star clusters. Fig. 8 and Fig. 9 demonstrate the spatial distribution of cross-matched clusters in Class 1 (blue dots and crosses) and new star cluster candidates (red dots) in Galactic coordinates, which indicates a disk concentration for both groups, spreading out in the interarm regions (Fig. 8 ). It is necessary to carry out a systematic study to investigate the general properties of new cluster candidates, in particular their differences from known star clusters cross-matched with the catalogs of K13, CG18+19, and B19. As can be seen in Fig. 10 (panels a, b, and c) , there is no major difference between the new cluster candidates and the crossmatched ones (Class 1 and all classes) in Galactic longitude, latitude and parallax. All of these are distributed mainly within |b| ∼ 10 • . Both the cross-matched and new cluster candidates show an old population peaked at log(age/yr)∼8.8. However, the excess of old star clusters is more prominent among the newly identified candidates. Studies of clustering among OCs provide keys to understanding star formation in the Galactic disk and the subsequent dynamical evolution of star clusters. We carry out a search for OC groups using the FoF method amongst the clusters in our catalog (Table 1 ). The pro- cedure to identify these OC groups is summarized as follows:
Candidates of cluster groups
• Since Class 1 cluster candidates are mostly at nearby clusters with good photometry, we only search for groups among the Class 1 candidates in our catalog.
• We convert the coordinates and parallaxes of selected star cluster candidates to 3-D Cartesian coordinates.
• We carry out a standard FoF group identification with a linking length of 100 pc (Conrad et al. 2017 ) . Conrad et al. (2017) have carried out FoF search for cluster groups in the 6-D parameter space (3-D position and 3-D velocity). Unlike in Conrad et al. (2017) , radial velocities are not taken into account in our current catalog, our search of cluster groups is based on the star clusters' 3-D positions only. In total, we identify 152 star cluster candidates distributed amongst 56 cluster groups (See Tab. 4). We plot our group candidates in the Galactic X-Y plane as black triangles in Fig. 8 . These group candidates are mainly concentrated in the Solar neighborhood, within distances 2 kpc, between the Perseus and Sagittarius arms. Some group candidates only contain two star clusters, and may be candidates of binary cluster (see, e.g., Priyatikanto et al. 2016 ). However, kinematic data including a sufficient number of stars with radial velocities are required to confirm the dynamical status of these OC group candidates.
SUMMARY
In this work, we identify star clusters in the Milky Way disk from Gaia DR2 data with the Star cluster Hunting Pipeline, SHiP. Our main results are summarized as follows:
• Star clusters are identified with our FoF cluster finder in the 5-D parameter space composed of the position, parallax and proper motion. They are further verified with an isochrone fitting scheme. We classify star cluster candidates into 3 classes based on four parameters:d 2 , r n , n G<17 , t age . SHiP is designed in a highly parallel and automated way, which makes it possible to identify star clusters in Gaia DR2 without any prior information.
• In total, 2443 star cluster candidates are detected, which are classified into 3 classes (with 569, 127 and 1747 cluster candidates in Class 1, 2 and 3, respectively). In our classification scheme, those classified as Class 1 are likely star clusters, showing a narrow MS in the CMD and concentration in spatial and proper motion distributions. Class 1 and 2 clusters are located at distances mainly within 4 kpc, due to the imposed constraint n G<17 .
• A total of 902, 714 and 876 star clusters candidates in our catalog are cross-matched with K13, CG18+19 and B19. respectively. Our star cluster catalog (Tab. 1) is in a good agreement with previously published catalogs. The discrepancies of proper motion and parallax of the matched clusters with CG18+19 are well within observational uncertainties.
• A total of 76 new star cluster candidates are detected in Class 1. These were not present in any of the earlier three catalogs. These new star cluster candidates are concentrated towards the very thin disk (|b| < 5 • ). The majority of these are clusters older than log(age/yr) = 8.0 with prominent narrow MSs.
• 56 candidates of star cluster group are identified by the FoF group finder based on star clusters' 3-D positions. They are distributed within 2 kpc of the Sun, between the Perseus and Sagittarius spiral arms. Further investigations are necessary to confirm the nature of these group candidates.
The new star cluster candidates found in this work suggest that the current star cluster catalogs in the Milky Way are still incomplete. All the necessary materials, including the pipeline, catalog, 4-panel figures (including position, proper motion, parallax and CMD), member list of each individual star cluster candidate, star-cluster-group candidates, are available in the github repository: https://github.com/liulei/gaia ship.
